Abstract. Stathmin is a microtubule-destabilizing protein ubiquitously expressed in vertebrates and overexpressed in a variety of human malignancies. Down-regulation of its expression will contribute to optimize therapeutic outcomes in the treatment of these malignancies. This research aimed to demonstrate effects of stathmin expression silencing on hepatocellular carcinoma (HCC) cell proliferation, apoptosis, cell adhesion and motility behavior in vitro and further reveal significance of stathmin expression in tissues associated with hepatocarcinogenesis. The expression of stathmin in normal liver, hepatitis, cirrhosis and HCC tissues was detected by immunohistochemistry analysis (IHC), stathmin expression was inhibited in an HCC cell line-HCCLM3 with high metastatic potential by small interfering RNAs (siRNAs). After transfection with siRNAs, HCCLM3 cells proliferation was detected by CCK-8 (cell count kit), cell apoptosis was analyzed by FACS, cell adhesion was investigated by cell adhesion assay and motility ability was demonstrated by in vitro migration and invasion assays. Stathmin expression was up-regulated in HCC tissues, especially in metastatic HCC tissues, compared with normal liver, hepatitis and hepatic cirrhosis tissues. Expression of stathmin in HCCLM3 cells was efficiently inhibited by specific siRNAs. Silencing of stathmin expression obviously suppressed HCCLM3 cell proliferation and markedly induced cell apoptosis. Moreover, defect of stathmin expression in HCCLM3 cell inhibited cell adhesion, restrained cell migration and repressed invasion. Stathmin expression correlates with hepatocarcinogenesis and tumor progression. This molecule may be a promising therapeutic target in patients with hepatocellular carcinoma.
Introduction
Hepatocellular carcinoma (HCC) is the fifth most common cancers in the world and the third most common cause of cancer mortality. It was estimated that there are nearly 700,000 new cases annually and almost as many deaths, and 82% of cases occur in developing countries (1) . It is reported that more than 50% HCC cases occur in China (2) . Globally, HBV infection is the most frequent important cause of HCC, and over 90% of HCC cases develop against a background of chronic liver injury and a high prevalence of Hepatitis B or C (3) . Furthermore, it is also well-known that fibrosis and cirrhosis are the underlying steps in hepatocarcinogenesis. The great majority, about 70-90% of HBV-related HCC develop in patients with fibrosis and cirrhosis. As shown by epidemiology data, hepatocarcinogenesis is linked tightly to the development of chronic HBV infection, and associated with the evolution of fibrosis and cirrhosis.
Stathmin is also called Op18 (oncoprotein 18), metablasin, p18 or p19, which is a ubiquitously expressed 19-kDa cytosolic phosphoprotein that can integrate various cellular regulatory signals. It is encoded by the human STMN1 gene located at chromosome 1p36.1 which is related to high frequency of allelic loss in HCC (4) . HCC exhibits frequent chromosomal losses in 1p, 4q, 16q and 17p (5-7), especially in 1p36, which include 1p36.1 (8) , 1p36.13-p36.23 (9, 10) and 1p36.2-p36.3 (11, 12) . It suggests the presence of putative tumor suppressor genes in these regions. Usually the highest levels of stathmin are found in the brain, peripheral nervous system and embryonic tissues (13, 14) , while the expression of stathmin can hardly be detected in adult liver tissue. Recently, more and more experiments have shown that stathmin is overexpressed in many human cancers, such as sarcoma, breast cancer, prostate cancer, and leukemia, which suggest that stathmin plays a crucial role in tumorigenesis and may be a key anti-oncogene in tumors (15, 16) .
As an important microtubule-destablizing protein, stathmin has already been found to be involved in regulations of cell proliferation, apoptosis, differentiation and motility. In this study, we evaluated stathmin expression patterns in various liver tissues including normal liver, HBV hepatitis, cirrhosis, HCC tissues and reveal the roles of this protein in the process of hepatocarcinogenesis. Furthermore, the effects of stathmin expression silencing on HCC cell proliferation, ONCOLOGY REPORTS 23: 1037 -1043 , 2010 Up-regulated expression of stathmin may be associated with hepatocarcinogenesis apoptosis, adhesion and motility abilities in vitro, suggested the possibility of stathmin as a potential target in hepatocellular carcinoma therapy.
Materials and methods

Tissue microarray (TMA) and immunohistochemistry (IHC).
All samples were obtained from the Department of Hepatobiliary Surgery, First Affiliated Hospital of Guangxi Medical University (Nanning, China). Access to human tissues complied with the laws of China and the guidelines of the Ethics Committee. Data do not contain any information that may lead to the identification of the patients. Matched pairs of primary HCC samples and adjacent liver tissues (each 48 cases); normal liver, hepatitis, cirrhosis and HCC tissue (24 cases, respectively); primary and metastasis HCC (each 48 case) were used for the construction of TMA (Shanghai Biochip Co., Ltd., Shanghai, China) as previously described (17) . All samples from patients were reviewed histologically by H&E staining, and representative areas with small round lymphocyte infiltrate were premarked in the paraffin blocks, away from necrotic and hemorrhagic materials. The process of IHC was according to the protocol of antistathmin antibody (ABCam, UK). Briefly, paraffin sections were first deparaffinized and then hydrated. After microwave antigen retrieval, as required, endogenous peroxidase activity was blocked with incubation of the slides in 0.3% H 2 O 2 , and non-specific binding sites were blocked with 10% goat serum. After serial incubation with primary antibodies (1:1000), and secondary antibody, the sections were developed in diaminobenzidine solution under a microscope and counterstained with hematoxylin. Negative control slides omitting the primary antibodies were included in all assays.
Cell culture. A stepwise metastatic human hepatocellular carcinoma cell lines which were established by our Liver Cancer Institute: MHCC97L, MHCC97H, HCCLM3 and HCCLM6 were grown in DMEM medium (Gibco, NY, USA) supplemental with 10% fetal bovine serum (FBS) (Gibco). Another HCC cell line-Hep3B, integrated with HBV, were also used in the study, which were maintained in RPMI-1640 medium (Gibco) with 10% FBS.
Western blot analysis. Total protein (25 μg) extracted in SDS-lysis buffer were run on a 10% SDS polyacrylamide gel and electrophoretically transferred to PVDF membranes. Strips of the membranes were blocked for 1 h at room temperature with blocking buffer (1X TBS, 0.05% Tween-20 with 5% non-fat dry milk), incubated overnight at 4˚C with antistathmin (ABCam, 1:10000) or anti-GAPDH (Kangchen Biotech, China, 1:5000). They were incubated for 1 h at room temperature with HRP-conjugated secondary antibody (Amersham, UK, 1:5000). Peroxidase activity on the PVDF membrane was visualized on X-ray film by means of the ECL Western blot detection system. Bands on films were scanned and quantified using densitometric scanning of the blots and normalized against GAPDH.
RNA extraction and RT-PCR.
The total RNA was extracted by TRIzol (Invitrogen, USA). Total RNA was retrotranscripted using MMLV reverse transcriptase and random primers (Promega, WI) including 2 μg RNA; 1 μg of the obtained cDNA was then amplified using primers for the human stathmin and GAPDH sequence. The sequence of primers was: stathmin, 5'-tagaatcttgagattctctctc-3' (sense), 5'-caggtc agctgttacttt-3' (antisense); GAPDH: 5'-ccatgttcgtcatgggtgtgaa cca-3' (sense), 5'-gccagtagaggcagggatgatgttc-3' (antisense). PCR was performed with initial heating at 94˚C for 5 min, followed by 30 cycle of 94˚C for 30 sec, 52˚C for 30 ssec, 72˚C 30 sec, and finally 72˚C for 10 min. PCR products were separated by 2% agarose gel electrophoresis, then scanned and analyzed by VDS imagemaster system (Pharmacia).
RNA interference. Stathmin siRNA duplex (STMN1 sense: 5'-GAAACGAGAGCACGAGAAAtt-3'; antisense: 5'-UUUC UCGUGCUCUCGUUUCtt-3', STMN2 sense: 5'-GCACGA GAAAGAAGUGCUUtt-3'; antisense: 5'-AAGCACUUCUU UCUCGUGCtt-3'; STMN3 sense: 5'-GAGAACCGAGAGG CACAAAtt-3'; antisense: 5'-UUUGUGCCUCUCGGUUCU Ctt-3') were designed and constructed from Jikai Corp. Cells (2x10 6 ) with 60% confluency in 6-well culture plates were transfected with a final concentration (80 nM) of stathmin siRNA using Lipofectamine 2000™ RNAi MAX transfection reagent (Invitrogen) for 48 h to detect mRNA and protein level in the presence of control or stathmin siRNA according to the manufacture instruction (RNAi group). Cells which were transfected with non-specific siRNA (Mock group) or non-treated HCCLM3 (control group) were parallelly demonstrated.
Cell proliferation assay.
To determine the effect of stathmin suppression on HCCLM3 cell proliferation, we used a tetrazolium reagent, 2-(4-indophenyl)-3-(4-nitrophenyl)-5-(2,4-disulphophenyl)-2H-tetrazolium monosodium salt (CCK8, Cell Counting kit, Dojindo, Kumamoto, Japan). HCCLM3 (1x10 3 cells/well) were seeded in 96-well culture plates in their basal media supplemented with 10% FBS, transfected with stathmin siRNA (RNAi group) or non-specific siRNA (Mock group) for 48 h, while non-treated HCCLM3 cells as control group. Each group was seeded in at least 3 wells, respectively. The cells were then incubated with CCK8 reagent for 1 h at 37˚C. The staining intensity in the medium was measured by determining the absorbance at 450 nm.
Analysis of apoptotic cells by flow cytometry.
The assay process was according to the protocol of FITC Annexin V Apoptosis Detection kit (BD, USA). Briefly, trypsinized cell pellets were washed twice with cold PBS and then resuspend in 1X Binding Buffer at a concentration of 1x10 6 cells/ml. Then, 100 μl of the solution was transferred to a culture tube, adding 5 μl of FITC-Annexin V and 5 μl propidium iodide for incubating for 15 min. Cells were flow-sorted, and analyzed using a FACS machine (Becton-Dickinson, Mountain View, CA). All FACS analyses were performed at least 3 times in duplicate samples and yielded reproducible results.
Cell adhesion assay. Cell adhesion assay was performed essentially as described (18) . In brief, 96-well, flat-bottom culture plates were coated with 50 μl of Matrigel (BD, USA) in serum-free DMEM medium overnight at 4˚C. The cells after RNAi treatment for 48 h of control, Mock group and RNAi group were harvested with trypsin/EDTA, washed twice and resuspended in DMEM medium. Cells (2.5x10 4 / well) were added to each well in triplicate and incubated for 20 min, 40 min and 60 min at 37˚C. Plates were then washed three times with PBS to remove unbound cells. The cells remaining attached to the plates were counted (5 fields/well).
In vitro invasion and migration assay. In vitro invasion assay was performed using 24-well Transwell unit with polycarbonate filters (Corning Costar, Cambridge, MA). The HCCLM3 cells with RNAi treatments were placed in the upper part of the Transwell, Mock group and control group, were incubated for indicated time, fixed with 4% paraformaldehyde and stained with 10% Giemas for 10 min. Cells in the upper chamber were removed by cotton swab and the cells that invaded through the Matrigel and were located on the underside of the filter (5 fields/filter) were counted. Three invasion chambers were used per condition. The values obtained were calculated by averaging the total number of cells from three filters. Experimental procedures of in vitro migration assay are the same as the in vitro invasion assay described above except that the filter was not coated with Matrigel for the migration assay.
Statistical analysis. All data are expressed as the mean ± SD for 3 independent experiments using three difference preparations. The difference between the means was assessed by Student's t-test and was considered as statistically significant when the P-value was <0.05.
Results
Expression of stathmin during hepatocarcinogenesis.
The expressions of stathmin in liver tissue samples from healthy individuals (n=24), individuals with hepatitis B (n=24), individuals with cirrhosis (n=24) and individuals with HCC (n=24) were detected by IHC in TMAs. The results showed that stathmin expression was up-regulated in HCC, compared with normal liver, hepatitis and cirrhosis samples (P<0.01). It could hardly be detected in normal liver tissues and no significant difference of stathmin expression was observed between hepatitis and cirrhosis samples, but the stathmin staining level was slightly but significant higher in hepatitis and cirrhosis tissue as compared to normal tissue (P<0.05) (Fig. 1, Table I ). Moreover, stathmin expression was further tested in TMA Table I . Correlation between stathmin expression and the different tissues during hepatocarcinogenesis.
Low and nil High tissues expression expression 
Stathmin expression was correlated with the different tissues during hepatocarcinogenesis. Intensity of staining was scored as 0 (-), 1 (+), 2 (++) or 3 (+++), and the extent of staining was based on the percentage of positive tumor cells: 0 (<5%), 1 (5-25%), 2 (26-50%) and 3 (>50%). The final score of each sample was assessed by summarizing the result of intensity and extent of staining. Zero grade was low and nil expression, 1-3 grade was high expression. a Statistical analyses were conducted with Fisher's exact test for all the parameters.
a P-values <0.05 and b P-values <0.01 were considered statistically significant.
c The test group compared with normal liver tissues group; d the detective group compared with non-metastatic HCC tissues group.
-------------------------------------------------
which included 48 non-metastatic HCC tissue dots and 48 metastatic HCC tissue dots. It showed that stathmin expression was significantly increased in metastatic HCC specimens, compared with primary HCC (P<0.01) (Fig. 2, Table I ). All these findings suggested consecutive up-regulation of stathmin expression was associated with hepatocarcinogenesis.
In addition, stathmin expression in a series of HCC cell lines which have similar genetic background but with gradually up-regulated metastatic potential was measured by RT-PCR and Western blot analysis. It was observed that mRNA and protein levels of stathmin were highest in HCCLM3 and HCCLM6 cells with high metastatic potential, and the lowest in Hep3B cells (Fig. 3) . It indicated that upregulated expression of stathmin was relative to the HCC cell metastatic ability.
Knockdown of stathmin in HCCLM3 cells by small interfering RNA (siRNA)-mediated transfection.
In the present study, siRNA mediated-transfection was used to determine effects of stathmin expression silencing on metastatic HCC cell behavior. To optimize conditions for siRNA knockdown, we first determined transfection efficiency using FITC Fluorescent control. Twenty-four hours after transfection, HCCLM3 cells were observed using a fluorescent microscope. The transfection efficiency was evaluated by counting the green fluorescent cells, which was over 95% when using 80 nM/l final concentration of siRNA sand 1x10 5 /ml HCCLM3 cells. Therefore, we used 80 nM/l siRNAs and 1x10 5 /ml HCCLM3 cells to perform subsequent experiments.
After transfection of HCCLM3 cells with three different siRNAs targeting the stathmin gene, mRNA and protein levels of stathmin was detected by RT-PCR and Western blot at 48 h after transfection. The results showed decrease of stathmin mRNA and protein levels with the siRNAs while the levels of the house-keeping gene GAPDH remained relatively unchanged. Relative quantification analysis revealed that siRNA-1 was more effective in silencing stathmin expression than siRNA-2 and siRNA-3 (Fig. 4) . Altogether, HCCLM3 cells were transfected with siRNA-1 (RNAi) or control non-specific siRNA (Mock) and non-treated HCCLM3 cells (control) were chosen for further study.
Inhibition of HCCLM3 cell proliferation by stathmin expression silencing in vitro.
CCK8 analysis was performed to test the effect of siRNA-mediated stathmin expression knockdown on proliferation of HCCLM3 cells. HCCLM3 cells were transfected with siRNA-1 against stathmin gene and were either maintained in the presence or absence of 80 nM siRNA for 24, 48 and 72 h. Untransfected HCCLM3 cells were grown under the same conditions and used as a control. The cell proliferation was decreased significantly after treatment with siRNA-1 at 24, 48 and 72 h as compared with the control (Fig. 5, P<0 .05). The inhibition rates of cell proliferation were 13.0, 28.0 and 37.3% after 24, 48 and 72 h of transfection, respectively. In contrast, transfection of the negative control had no obvious effect on cell proliferation.
Increasing of HCCLM3 apoptosis by knockdown of stathmin expression.
To determine the effect of knockdown stathmin expression on HCCLM3 cell apoptosis, flow cytometry was used to analyze cell apoptosis through FITC-Annexin V and PI labeling. It showed that the percentage of apoptotic cells was increased to 26.6% in RNAi group, compared with 9.1% in Mock group (Fig. 6 ). In addition, stathmin knockdown induced cell cycle arrest by inhibiting progression from G2 to S phase. By single-cell analysis using FACS, our results showed that there was no significant difference in HCCLM3 cell cycle before and after stathmin knockdown by RNAi. (Fig. 7A ). Migration and invasion assay in vitro were carried out to evaluate stathmin knockdown on HCCLM3 cell motility. The result showed that the average number of invaded and migrated HCCLM3 cells transfected with siRNA significantly decreased in comparison with the Mock group and control group cells (P<0.05), reduced by 42.6±3.3% and 60.1±0.8% compared with Mock group, respectively (Fig. 7B) . 
Inhibition of HCCLM3 adhesion, migration and invasion in
Discussion
Hepatocarcinogenesis is believed to be a multistep process in which a series of molecular alterations is accumulating. Stathmin, a depolymerizer of microtubules, plays an important role in cell mitosis and motility. Dysfunction of stathmin could lead to constant microtubule assembly and uncontrolled cell cycles, which result in continuous abnormal cell growthtumor formation. However, it is unclear whether stathmin contributes to hepatocarcinogenesis or not. In this study, we detected the expression of stathmin in various liver tissues associated with hepatocarcinogenesis and HCC cell lines with different metastatic potentials, and investigated the role of stathmin in HCC cell proliferation, apoptosis, adhesion, migration and invasion. It is known that stathmin is expressed at high levels in a wide variety of human malignancies, and high levels of stathmin expression in cancer cells were shown to correlate with their proliferative potential and seem to be necessary for the maintenance of their malignant phenotype. Hence, it was proposed that the level of expression of stathmin may serve as a biomarker in some cancers. Our data from histological and cytological detection suggested that stathmin expression was up-regulated with the progression of hepatocarcinogenesis. It is reported that stathmin is abundantly expressed in fetal liver, on the contrary, dramatically decreased in adult liver (19) . In our study, stathmin expression was negative in normal liver tissue, low in hepatitis and hepatic cirrhosis tissues and significantly up-regulated in HCC tissue. It suggests that some pathogens including inflammatory factors could induce stathmin expression in liver tissue. Furthermore, up-regulated expression of stathmin was also relative to HCC metastasis, consistent with some literature (20) (21) (22) (23) . Interestingly, stathmin expression is similar to alpha fetoprotein (AFP), an important biomarker for HCC diagnosis and prognosis. All these findings imply that stathmin may be an important molecular associated with hepatocarcinogenesis and HCC metastasis.
It is reported that there is a close link between stathmin expression and regulation of cellular proliferation in leukocytes, undifferentiated multi-potential embryonal carcinoma cells, breast cancer and ovarian cancer cells. It is also proven that stathmin may play a role in the p34 cdc2 -regulated pathway, which controls entry into mitosis and proliferation (24, 25) . In our study, we achieved effective down-regulation of stathmin expression by using siRNA treatment strategy in HCC cell lines. Experimental data showed that transient stathmin downregulation led to significant inhibition of in vitro proliferation, accumulation of G2/M phase, and apoptosis of HCC cells. However, accumulation of G2/M phase through knockdown of stathmin was not obvious, although it is reported that both overexpression and inhibition of expression of stathmin results in mitotic arrest, which may be attributable to genetic characteristics of our HCC cell lines.
In addition, our results demonstrated that stathmin is able to promote HCC cell adhesion, migration and invasion in vitro. It is reported that reducing the expression of stathmin inhibited the migration of neurons in vivo in mice and Drosophila, while in germ and border cells had the same effect (26) (27) (28) . It was proven that embryonic fibroblast cells from stathmindeficient mice migrated slower than those from wild-type animals, and the phenotype can be changed by up-regulating stathmin expression. Another clarifying example is given by the group of Baldassarre that cytosolic p27 kip , a cyclindependent kinase inhibitor, inhibit ECM-driven cell migration in the fibrosarcoma HT-1080 cells, by interacting with stathmin and inactivating the microtubule-depolymerization activity of stathmin. Moreover, stathmin MTdepolymerizing activity is negatively regulated by phosphorylation (29) . These findings indicate that stathmin regulates cell motility or adhesion through complicated mechanisms, further research need to be carried out to elucidate how stathmin is involved in HCC metastasis.
In conclusion, our findings indicate that stathmin may be a crucial factor during hepatocarcinogenesis and contributes to HCC cell proliferation, apoptosis and motility by RNA interference. Therefore, stathmin appears to be a promising therapeutic target of HCC using a RNAi-based approach alone or in combination with chemotherapeutics. However, further studies are needed to investigate the mechanism how stathmin is involved in HCC cells proliferation and motility. 
